ABSTRACT Testicular histomorphometric methods were developed for the investigation of fertility and hatchability problems in commercial broiler-breeder roosters. Sertoli cell (SC) evaluations were emphasized in view of their role in influencing embryonic testicular organogenesis and spermatogenesis in adults. H&E stained sections prepared from formalized tissues were examined. SC evaluations were mostly made from computer generated images using image analysis software, but were also compared to direct counting with ocular grid reticle. Other measurements were germinal epithelial and total seminiferous tubule widths, quantification of individual spermatozoa and sperm clusters, and determinations of stromal area. Age-associated changes in SC occurred between 15 to 54 wk of age. A significant reduction in SC concentration occurred at 29 wk of age (P < 0.001) that corresponded with the histologic initiation of spermatogenesis. Expanded morphometric evaluations were performed on 59-week-old roosters comparing a flock having good body condition and footpad scores with normal testicular and body weights (optimal profile or OP group) to a second flock demonstrating relatively poor expression of these parameters and decreased fertility (sub-optimal profile or SOP group). Significant reductions (P < 0.05) in SC concentration, spermatozoa, and tubular widths, but an increased percentage of stroma area occurred in SOP compared to OP flocks. SC results also correlated well with testes weight. A unique finding was a significant relationship between decreasing SC concentration and increasing severity scores for footpad lesions. Differences in all histomorphometric parameters occurred between flocks demonstrating good hatchability compared to flocks exhibiting either low or decreasing hatchability. Significant reductions in SC and other morphometric parameters were observed for the poor relative to good hatchability group. A strong positive association was observed for SC results using computer generated images and direct reticle ocular counting (R = 0.80).
INTRODUCTION
Quantitative testicular histomorphometric evaluations have been described for a number of animal species including humans (Atanassova et al, 2005; França and Godinho, 2002; Hotzel et al., 1998; Sharpe et al., 1998; Sharpe et al., 2003; Mehraein and Negahdar, 2011; Franca et al., 2016; Solaemanirad and Ghanbari, 2006) and applied to studies of both physiological and pathological conditions including testic-C 2018 Poultry Science Association Inc. Received October 25, 2017. Accepted December 28, 2017. 1 Corresponding author: fwilson@mvrdl.msstate.edu ular toxicity (Sharpe et al., 1998; Murphy and Richburg, 2014; Johnson 2015; Solaemanirad and Ghanbari, 2006) . However, few histomorphometric studies have been reported for commercial or other classes of chickens, and reports on the enumeration of Sertoli cells (SC) are infrequent for any species (Bozkurt et al., 2007; Gonzalez-Moran et al., 2008; De Menezes et al., 2012; Ismail and Elbajory, 2011; Lovell et al., 2000; Rosenstrauch et al., 1964; Okpe et al., 2010) .
We were interested in developing simple testicular histomorphometric methods that could be routinely applied to investigations on fertility and hatchability problems occurring in commercial roosters. Such information could also potentially provide insight into pathogenic mechanisms involved in the production of reproductive abnormalities. We herein report methods for quantitation of SC and spermatid-spermatozoa concentrations, for the measurement of total seminiferous tubule and spermatogenic epithelial widths, and for analysis of interstitial stromal area. These methods were applied to normal roosters for the elucidation of age-associated changes, the comparisons of roosters exhibiting optimal and sub-optimal flock profiles, and the characterization of testicular morphometric parameters in flocks demonstrating variable hatchability. SC evaluations were emphasized in view of their important role in influencing both embryonic testicular organogenesis and spermatogenesis in the adult (Sharpe et al., 2003; Franca et al., 2016) .
MATERIALS AND METHODS

Experimental Groups
Broiler-breeder roosters from commercial multiplier broiler breeder flocks were studied. Testicular histomorphometrics were applied to 3 investigations. The first study defined normal age-associated testicular values for the breeder program. Age-associated changes in SC concentrations were evaluated in 7 flocks of roosters having ages in a range from 15 to 54 wk of age. Each age-group consisted of 10 birds with bilateral testes evaluations producing a total of 70 birds and 140 testicles. Body weight, testicle weights, and semiquantitative scores for body condition and footpad lesions were recorded for individual birds. Body condition and footpad lesions were assigned subjective scores ranging from 1 to 3. In this case, a score of 1 reflects the most severe alteration in body condition or gross footpad pathology, while a score of 3 represented the least severe change.
A second expanded and more detailed study utilized 59-week-old roosters and compared testicular histomorphometrics for one flock having good body condition and footpad scores with normal testicular and body weights referred to as the optimal profile (OP) to a second flock demonstrating relatively poor expression for these parameters referred to as the sub-optimal profile (SOP) group. Ten birds were included in each of the 2 groups with bilateral testes morphometric evaluations performed producing a total of 20 birds and 40 testicles. In addition to SC enumeration, the histomorphometric investigation included quantitation of individual spermatozoa and sperm clusters, measurement of seminiferous tubule germinal epithelial and total tubule widths, and determination of stromal areas.
Body condition and footpad scores were assigned semiquantitative grades of 0 to 3, in which 0 reflected good body condition and the least severe footpad pathology; 3 reflected the poorest body condition or most severe footpad pathology; and 2 intermediate values.
In the third study, testicular histomorphometric evaluations were performed on 20 broiler-breeder roosters, 53 to 54 wk old, manifesting variable hatchability expression. Hatchability was reduced, and analysis of hatchery and breeder metrics (data not presented) lead to further investigation of male reproductive fitness. Three 5-bird groups were compared representing flocks having profiles of either good hatchability, below normal or poor hatchability, and a third flock that over time had transitioned from good to declining hatchability (transitional hatchability group). The exact level of reduction in hatchability was not shared. Bilateral testes were collected for an overall total of 15 birds and 30 testicles.
A histomorphometric reproducibility study was also performed to determination how consistent the results were over variable numbers of repeated measurements. For this purpose, 2 mature rooster testes sections were selected (control A and B) for inclusion in the various studies, to ascertain the reproducibility of the quantitative endpoints by calculation of variance for the control slides values occurring between experiments. A final study utilized 42 testes sections to statistically compare the relationship of SC counts obtained using the computer-generated image method, to results produced by direct counting of SC with an ocular reticle grid. In all studies, the birds were euthanized by cervical dislocation. Both testicles were collected, weighed individually and placed into 10% neutral buffered formalin for fixation. Following standard histological processing, routine 5 μm hematoxylin and eosin (H &E) stained slides were prepared for the evaluations.
Histomorphometric Methods
Most evaluations were made from computer generated images using an Amscope 14 MP digital camera with associated image analysis software program (SKU: MU1403, AmScope, Irvine, CA) attached to an Olympus CX31 microscope (CX31, Olympus Life Science, Waltham, MA). SC concentrations for some samples were directly counted employing a 1-mm square ocular grid reticle, subdivided into 0.1-mm increments thus providing for a total of 100 squares, each having an area of 10,000 μm 2 (U OCMSQ10/10, Olympus Life Science, Waltham, MA). The various histologic components evaluated are shown in Figure 1 .
Sertoli Cell Quantification
SC were quantified as described in González-Morán et al. (2008) from a "live" computer projected image. Image capture and evaluations were facilitated using the Amscope image analysis software program (version 37.303, AmScope, Irvine, CA). The "live image" was captured using the 40× microscope objective with a software setting of 40× and a 50% viewing area with the 4096 * 3288 resolution setting. The software was first calibrated to measure in microns (μm) using a calibrated stage micrometer. The viewable field at this setting measured 160 μm × 80 μm providing a total viewing area of 12,800 μm 2 . Using the image software, a grid was superimposed on the projected image to facilitate counting of SC. Counts were centered on solid cellular seminiferous tubular regions (typically representing "corner" regions) avoiding the non-cellular spaces within the center of the tubules. A "snake-like" movement was used for the counting of SC (starting at a random site and scanning across the slide from left to right and then dropping down one field and scanning to the left). A feasibility study compared SC results generated using the computer projected image method to results obtained by direct counting of SC with an ocular grid reticle viewed at 400× magnification. The field size with the direct method was 250 μm × 250 μm, producing a total field of 62,500 μm 2 . Thus, the area counted with the direct counts was 62,500/12,800 or 4.9× larger than the computer projected image. In both methods, the number of SC present within the entire viewing area and for a total of 10 areas was determined, and the counting was facilitated by grids.
Determination of Widths of Total Seminiferous Tubule and the Germinal (Spermatogenic) Epithelial Layer
Image analysis software projected images were also utilized. The measurements were first calibrated using a 1-mm (1,000 μm) stage micrometer, calibrated in 0.01 mm (10 μm) increments. The width measurements were made using the 10× microscope objective and employing the software at the 10× setting, with a viewing area of 50% and using the maximal pixel density setting of 4096 * 3288. This produced a total viewing field of 648 μm × 343 μm or a total field area of 222,264 μm 2 . The widths of the entire seminiferous tubule and thickness of the spermatogenic epithelial layer measurements were made from regions containing longitudinal sections of the tubules. The portion of the selected tubule containing the widest central lumen was measured to minimize tangential sectioning effects. A total of 10 microscope fields were measured for each testicle.
Quantitation of Spermatid-Spermatozoa
Using the image analysis software program for image selection, spermatids-spermatozoa were counted using the 40× microscope objective, at a 100% image setting and employing a superimposed computer grid. The number of partial spermatids-spermatozoa present along a line at the interface with the germinal epithelium surface, and for a viewing width distance of 79.9 μm was determined ( Figure 1 ). Ten fields were enumerated for each testicle. The counting of "sperm cluster" (Figure 1 ) was performed in a similar manner also using the 40× objective, but rather at the 33% software viewing settings. The number of clusters present along the internal (luminal) surface for the entire width of the viewing region were counted.
Measurement of Relative Stromal Area (Point-Counting or Volume Density Method for Estimation of Fibrous Stromal Area)
The percent area occupied by interstitial stroma was estimated by application of a point-counting (volume density) analysis method that was like that previously described for quantitation of testicular elements in the post-hatching chicks (Bozkurt et al., 2007) . Evaluations were performed using the 4× microscope objective and a software setting of 4× at a 100% viewing area. The software was first calibrated using a 1,000-μm stage micrometer. The entire field dimensions viewed with this setting was 800 μm × 400 μm, resulting in a total viewing area of 320,000 μm 2 . A software generated grid was superimposed onto the viewing area. The total number of "points/fields" (or grid intercept points) at this setting is 16 × 8 or a total of 128 intercept points. Therefore, the percent area occupied by stromal elements was estimated by dividing the number of stromal point intercepts counted by the total number of intercept points (125 intercept points); and the actual area in microns that was represented by stroma could be estimated by multiplication of the percentage stromal points by the total field area (320,000 μm 2 ).
Other Analysis
Two additional approaches for quantitative evaluations of SC were employed and tested in the studies. The first was calculation of the "Sertoli cell testicle factor" (SCTF) produced by multiplication of SC concentration by the corresponding testicular weight in ounces, The SCTF was then normalized for body weight differences by dividing SCTF by the individual body weights. The second approach was to define histomorphometric thresholds for the quantitative diagnosis of mild and marked SC atrophy-hypoplasia. Mild SC hypoplasia was defined as fewer than 20 SC in 10 microscopic fields, while marked hypoplasia was assigned a threshold of less than 10 SC in 10 fields. The percentage of birds within each diagnostic threshold was than calculated.
Statistical Analysis
All data were analyzed using the GraphPad Prism 7.02 software program (GraphPad Software, Inc., La Jolla, CA). Group comparisons were made using the Mann-Whitney test with the exact 2-tailed evaluation for calculation of P-values or the Kruskal-Wallis test where indicated. Prism computed an exact P-value that considers ties among values. Correlations were computed using the Spearman test and the approximate 2-tailed method. Statements of significance were based on P ≤ 0.05.
RESULTS
The various testicle elements that were quantified microscopically are shown (Figure 1) . The results for the testicular aging study (Table 1, Figure 2 ) demonstrated that a significant reduction (P < 0.001) in SC concentrations occurred at 20 to 25 wk that corresponded to semiquantitative scores for the onset of spermatogenesis, and with published values for the initiation of fertility in roosters of 4 to 5 months of age (Parker and McCloskey, 1965) . The percentage of testicular parenchyma occupied by SC declined due to the increasing percent occupied by spermatogenic populations. Calculation of the SCTF (Table 1) gives insight into the magnitude of changes in the total number of SC in an entire testicle. Between 15 and 54 wk of age while the SC concentrations decreased from 40.4 to 17.2, the SCTF increased from 10 to 200 (Table 1) . However, when SCTF is normalized for increasing body weights (SCTF/body weight ratio, Table 1), the normalized value went from 1.8 to 20.1.
While study 1 did not demonstrate a strong correlation between SC concentration and footpad scores, when the data for studies 1 and 2 were combined Kruskal-Wallis test Figure 3 . Relationship of SC concentration to footpad score. In this case, the highest score indicates the least severe and the lowest the most severe footpad lesions. (Tables 1 and 2 ), a significant positive correlation between SC concentration and footpad scores was than apparent (R +0.50, P < 0.0001, N = 180 testicles). This relationship between SC concentration and footpad scores is depicted in Figure 3 .
In the second study, a significant decrease in SC concentration, spermatozoa and sperm clusters and in the widths of both the germinal epithelium and total seminiferous tubule was observed for the SOP group compared to the OP group (Table 2 ). In contrast, the stroma area was significantly increased in the SOP compared to the OP roosters. Calculated values for SC/body weight, SCTF and SCTF/body weight ratios were also significantly lower in the SOP compared to the OP flocks (Table 2 ). SOP roosters also had significantly lower testicle and body weights. Correlation comparisons (Table 3 ) demonstrated a strong positive correlation between SC concentrations and both group and spermatocyte counts (+0.68, P < 0.05), but a strong negative correlation with stroma area (−0.63, P < 0.05). While actual counts for spermatozoa were significantly reduced in the SOP relative to the OP group, semi-quantitative scores for spermatogenesis were not (Table 2) . Scores for footpad lesions and overall body conditioning were not significantly different between the OP and SOP groups. However, a significant positive correlation of + 0.55 (P < 0.05) was observed for comparison of scores for footpad and body condition (Table 3 ). In the case of footpad and condition scores, the highest score indicates the least severe footpad pathology or best body condition, while the lowest score the most severe gross footpad pathology or body condition.
In the third study, a significant reduction for most histomorphometric values occurred in the low hatchability group relative to the high hatchability group (Table 4, Figure 4 ). Relative to the good hatchability roosters, the poor hatchability flocks while showing a significant increase in in body weight, evidenced significant decreases in SC concentration, individual spermatozoa number, sperm clusters, tubular width, and germinal epithelial width. In contrast, the percent stroma area was higher in the poor compared to the good hatchability group (Table 4) . Calculated values for SC/body weight, SCTF/body weight and SC/testes weight were also significantly lower (P <0.05) in the poor compared to good group (Table 4) . There was a significant positive correlation (+0.66, P < 0.05) between the concentration of SC and hatchability (Table 5). The results for the transition hatchability group were more variable, but generally intermediate between the high and low hatchability (Table 4) .
Strong positive correlations were observed for the relationships of hatchability to SC concentrations, germinal epithelial width and spermatozoa count (Table 5) . In contrast, no correlation was apparent for comparison to semiquantitative histologic scores for spermatogenesis. Also, a strong negative correlation was seen for comparison of hatchability to body weight (-0.73), but a significant positive correlation between hatchability and testicular weight (+0.45).
The results for calculations of the SCTF and normalized SCTF (Tables 2 and 4 ) demonstrate a significant reduction for both parameters in "sub-optimal" relative to "optimal" flocks (Table 2) , as well as between groups demonstrating either good or poor hatchability (Table 4) . Thus, SC differences between groups appear to involve alterations in the absolute number of SC present within the testes, and the differences persisted even after normalization for variation in individual bird size (Tables 2 and 4) .
The results for mild and marked SC hypoplasia using the defined thresholds for studies 2 and 3 are presented graphically in Figure 5a and 5b. In study 2, the percentages of mild defined hypoplasia (less than 20 SC threshold) for the optimal and sub-optimal groups were, respectively, 15% and 95%, and the percentages of marked hypoplasia (less than 10 SC threshold) were 0% and 30%. Similarly, for study 3 (Figure 5b ), the occurrence of mild SC hypoplasia for the good, good-poor, and poor groups respectively were 50%, 100%, and 100%, and marked SC hypoplasia 0%, 20%, and 70%. The results for the study comparing results for replication of data between studies for control slides are presented in Table 6 . There is generally good reproducibility with low variance between studies for the controls. Comparison of results using the 2 SC counting approaches also disclosed a strong positive correlation of +0.80, P < 0.001 (Figure 6) .
DISCUSSION
The studies demonstrate that histomorphometric methods can generate useful quantitative data for the evaluation of reproductive status of commercial roosters, including the investigation of hatchability issues. The studies also support reports in other species documenting the importance of SC the maintenance of reproductive health (França and Godinho, 2002; Sharpe et al., 2003) .
Measurements of the germinal epithelial width and total seminiferous tubule width were also useful and generally correlated well with the results of SC quantitation. SC concentrations also correlated with quantitation of spermatogenesis, footpad scores, testicle weight, body weight, and hatchability. The relationship between SC and spermatozoa suggests that SC counting may provide a simple, rapid (albeit indirect) method for predicting the level of spermatogenesis.
Age-related changes in SC concentrations for commercial roosters were documented. A rapid reduction in SC testicular concentration occurred between 15 and 25 wk of age that corresponded to the subjective histological onset of spermatogenesis (Table 1, Figure 2 ) and agreed with published ages for the onset age of fertility in roosters (Parker and McCluskey, 1965) . Our results for age-associated SC changes are similar to previous reports (Tae et al., 2005; Bozkurt et al., 2007; GonzalezMoran et al., 2008) . One study on domestic chickens using volume density analysis demonstrated a progressive age-associated reduction in SC between 1 and 6 wk of age, with subsequent stabilization of SC numbers up to 8 wk (Bozkurt et al., 2007) . In our study the ratio of total number of SC to body size continued to progressively increase up to 25 wk of age after hatching (Table 1) .
Our histomorphometric results for testicle stromal areas are similar to those reported by Tae et al. (2005) for 1-to 54-week-old Korean native chickens. They reported that the volume density of testicular interstitial tissues was 67.4% at wk 1 and decreased to 7.1% at wk 64. Our value of 7.5% ± 0.9% at 59 wk is similar. They also reported that the absolute volume of SC per testis increased significantly from wk 1 to wk 21, but subsequently did not change up to 64 wk. We observed a reduction in the concentration of SC between 22 to 24 wk of age, correlating with the onset of spermatogenesis. However, as testicle weights were increasing at a greater magnitude between 20 and 25 wk (Table 1) , the absolute number of SC per testes would be anticipated to be elevated relative to earlier ages, as reported by Tae et al. (2005) . For example, calculation of the SCTF provides insight into the magnitude of changes in the total number of SC for the entire testicle. Between 15 and 54 wk of age, while the SC concentrations decreased from 40.4 to 17.2, the SCTF increased from 10 to 200. Also, when the SCTF was normalized for increased body weight, the values in these ages went from 2 to 20 (Table 1) . Our results suggest that the absolute number of SC continues to increase up to 25 wk after hatching in broiler chickens, which is suggestive of an opportunity to influence the number of SC by management or nutrition.
We observed significant differences in several testicular morphometric parameters between flocks demonstrating optimal body condition and footpad scores compared to flocks having sub-optimal expression for these parameters (Tables 2 and 3) . Thus, testicular morphometrics are of value for understanding quantitative relationships between specific testes parameters and body condition.
The negative relationships observed between gross scores for footpad lesions and microscopic SC concentrations has implications for rooster management. Footpad condition can be assessed by clinical examination, and can be used to assess individual male and flock fertility. Evaluation of all testes data between 15 and 59 wk of age disclosed a significant positive correlation between SC concentrations and footpad scores; with the most severe footpad lesions correlating with lowest concentration of SC. The mechanism underlying this apparent relationship is not clear, but it may simply reflect a negative impact of footpad lesionassociated pain or stress on SC (Foster 2016) , or in the relationship of SC to body weight. In this regard, a strong positive correlation was also seen for comparisons of footpad and body condition.
The studies also documented positive relationships between the quantitative status of testicular morphometric parameters and hatchability (Table 4) . Thus, testicular microscopic measurements can potentially provide useful information for the evaluation of mechanisms involved in the reduction of hatchability and for defining general reproductive health of roosters.
Another finding was the significant positive correlation between SC concentration and hatchability (+0.66), but significant negative correlations for both hatchability to body weight (-0.73) and SC concentration to body weight (-0.63). A lesser negative correlation was apparent between SC concentration and testes weight (-0.38). The findings collectively suggest that larger body size may have a negative influence on fertility possibly involving Sertoli cells. However, the relationship of rooster body size to fertility is complex. In general, males with excessive body weight are less active and have lower reproductive potential (Sarabia et al., 2013) .
The studies on calculated and normalized SCTF (Tables 2 and 4 ) demonstrated significant reduction for both parameters in the "sub-optimal" relative to "optimal" flocks, as well as between groups demonstrating either good or poor hatchability. Thus, SC differences between groups appear to involve alterations in the absolute number of SC present within the testes, and the differences persisted even after normalization for variation in individual bird size (Tables 2 and 4) .
Another approach tested for SC evaluation, was employment of "defined quantitative thresholds" for making specific histopathologic diagnoses. Advantages of quantitative morphometry include facilitation of statistical evaluations, allowing for precise definitions of diagnostic endpoints, reduction of subjective bias and elimination of gray areas. Thus, quantitation may allow for the identification of subtle pathological changes that may not be visualized with routine subjective histological examinations. The study using defined thresholds for the diagnosis of "SC deficiency" clearly demonstrate the utility of this approach for elucidating subtle changes and proving additional quantitative insight into group differences.
While numerous conditions have been shown to have influences on testicular weight, evidence for the mediation of such changes by SC is more limited (Franca et al., 2016) . There are numerous causes of testicular atrophy or degeneration in poultry including normal seasonal changes, malnutrition, chronic infections and various toxins (Barnes et al., 2016) and routine testicular histopathology features in animals have been described (Foster, 2016 ). However, the precise level or target of cellular injury to the testes cannot be determined by histology alone, and require the use of molecular evaluations such as apoptosis assay with immunohistochemistry or in situ hybridization (Murphey and Richburg, 2014) . Thus, employment of SC histomorphometry may provide useful quantitative data to supplement the molecular methods and provide additional insight into the level and mechanism of injury.
An important observation was the positive correlation between SC concentration and spermatozoa counts and with both tubule width and germinal epithelial thickness. The negative correlations seen between SC concentrations and the percent stromal area in studies likely reflects a relative reduction in spermatogenic parenchyma, rather than an absolute elevation in stroma.
The positive relationship between SC concentrations and spermatocyte numbers might be anticipated in view of the known supportive functions of SC for both embryonic testicular organogenesis and spermatogenesis in mature testes (Franca et al., 2016) . It has been shown that SC have a limited number of spermatogenic cells that they can support (Ortho et al., 1988; Sharpe et al., 2003; Franca et al., 2016) . A practical consideration of these apparent predictive relationships is that SC quantitation is far easier than more labor-intensive counting of the numerous spermatozoa elements.
The demonstrated relationships of SC concentrations to hatchability and other conditions has implications for the understanding of mechanisms involved in testicular pathology or toxicity (Sharpe et al., 2003; Sarabia et al., 2013) . Agents such as colchicine, vinblastine, and phthalate esters are directly toxic for SC resulting in secondary loss of germinal cells (Creasy et al., 2012; Murphy and Richburg, 2014 ), but it is also possible that pathogens produce direct damage to germinal epithelial elements and it is difficult to ascertain the level of insult. Determination of testicular damage is often limited to direct histopathological examination or requires indirect and complex methods such as the evaluation markers for apoptosis by immunohistochemistry or in situ hybridization (Murphy and Richburg, 2014) . SC quantitation provides a direct method for determining the level of damage and for the elucidation of pathogenic mechanisms (Creasy et al., 2012; Foster, 2016) .
Microscopic SC cell counting and tubule width measurements need not be limited to those requiring image analysis software. Our comparison of results using simple direct SC counts with an ocular reticle to more labor-intensive computer-generated image SC enumeration, disclosed a strong positive correlation coefficient between the methods. In addition, generally good reproducibility for the various morphometric evaluations between different studies was also demonstrated by replicate counts performed on selected control sections (Table 6 ).
In conclusion, the current studies demonstrate that testicular histomorphometrics can be used to generate useful quantitative data for the evaluation of hatchability and fertility issues in commercial roosters. SC quantitation provides a simple and reproducible method that correlates well with more laborious counting of spermatocytes. SC numbers also correlated with scores for footpad lesions. Age-associated changes in SC concentrations were documented that correlated with scores for spermatogenesis and published ages for the onset of sexual maturity in roosters.
